The inner continental shelf, which spans water depths of a few meters to tens of meters, is a dynamically defined region that lies between the surf zone (where waves break) and the middle continental shelf (where the along-shelf circulation is usually in geostrophic balance). Many types of forcing that are often neglected over the deeper shelf-such as tides, buoyant plumes, surface gravity waves, and cross-shelf wind stress-drive substantial circulations over the inner shelf. Cross-shelf circulation over the inner shelf has ecological and geophysical consequences: It connects the shore to the open ocean by transporting pollutants, larvae, phytoplankton, nutrients, and sediment. This review of circulation and momentum balances over the inner continental shelf contrasts prior studies, which focused mainly on the roles of alongshelf wind and pressure gradients, with recent understanding of the dominant roles of cross-shelf wind and surface gravity waves.
THE INNER CONTINENTAL SHELF
The inner shelf is the transition region between the surf zone and the middle of the shelf, typically spanning water depths from a few meters to a few tens of meters. Although there is general agreement that the inner shelf is bounded on the shoreward side by the outer edge of the surf zone, there have been numerous definitions for the offshore extent of the inner shelf that depend on the particular dynamics being considered (Garvine 2004) . In this review, we use the term inner shelf to describe the region where the turbulent surface and bottom boundary layers together occupy the entire water column, similar to Lentz (1995) . The width and location of the inner shelf vary in time, because the thicknesses of the surface and bottom boundary layers vary in time depending on the strengths of the wind and wave forcing and vertical density stratification.
A key feature of the inner shelf is the tendency for the cross-shelf circulation to decrease toward shore because of the presence of the coastal boundary and the substantial decrease in water depth: h/ h ≈ 1, where h is the water depth and h is the change in water depth across the inner shelf. The reduction in cross-shelf circulation toward the coast may limit the exchange of water across the inner shelf and the character of the exchange. The decrease in cross-shelf circulation and the substantial change in water depth can also result in vertical velocities that bring deeper water up toward the surface or carry surface water downward-coastal upwelling and downwelling. Exchange across the inner shelf and vertical transport are key elements in a wide range of interdisciplinary problems that motivate much of the research on inner-shelf circulation. The exchange of water masses across the inner shelf is important for transporting larvae, nutrients, low-oxygen water masses, sediment, and pollutants between the shore and the open ocean (Nittrouer & Wright 1994 , Falkowski et al. 1998 , Epifanio & Garvine 2001 , Garland et al. 2002 , Grantham et al. 2004 , Dudas et al. 2009 .
A wide variety of processes drive inner-shelf circulation, including winds, surface gravity waves, tides, and buoyant plumes. This review focuses on recent progress in understanding wind-and wave-driven flows over the inner shelf and particularly the circulations that result in vertical displacements and cross-shelf exchange. The focus is on subtidal frequencies: timescales of days to weeks, the timescales characteristic of weather systems that cause variations in wind and wave forcing.
DEPTH-AVERAGED FLOW

Continuity and Horizontal Velocities
Studies of inner-shelf circulation have to a large extent focused on depth-averaged flows and the associated dynamics. Subtidal, depth-averaged flows over the inner shelf tend to be strongly polarized in the along-shelf direction due to the constraint on cross-shelf flows imposed by the coastal boundary and the reduction in water depth. The polarization is evident in the relative sizes of the subtidal along-shelf (Figure 1a ) and cross-shelf (Figure 1b ) current variability over various continental shelves of the United States. Standard deviations of along-shelf subtidal currents range from 0.05 to 0.2 m s −1 and do not exhibit any consistent dependence on water depth or offshore distance. Along-shelf flows over the inner shelf are not constrained by the coastal boundary and are as large over the inner shelf as over the middle and outer shelves (Figure 1a ). In contrast, standard deviations of subtidal depth-averaged cross-shelf currents are much smaller (0.01-0.05 m s −1 ) and increase with the distance offshore from near-zero values near the coast. The depth-averaged cross-shelf currents increase more rapidly with increasing water depth over the wider continental shelves of the east and south coasts of the United States (widths of approximately Standard deviations of the subtidal, depth-averaged (a) along-shelf currents v and (b) cross-shelf currents u as a function of water depth for five continental shelves: Middle Atlantic Bight (MAB; see figure 1 of Fewings et al. 2008 for data sets), South Atlantic Bight (SAB; Lee et al. 1984 Lee et al. , 1989 , West Florida (WF; Liu & Weisberg 2005) , Northern California (NCal; Winant et al. 1987) , and Oregon (O; ). The MAB, SAB, and WF shelves are relatively wide, whereas the NCal and O shelves are narrower with steeper bottom slopes. The solid blue and red lines in panel b are the predicted depth-averaged cross-shelf currentsū std for the wide and narrow shelves, respectively, from Section 2.1. The black dashed line in panel b shows the predicted standard deviation of the depth-averaged Stokes driftū st (Equation 3 ) for wave forcing with a significant wave height of H s = 1 m and a wave period of 8 s, typical of the east coast shelves. Note the different velocity scales in panels a and b. The along-and cross-shelf directions are defined by the major and minor principal axes of the subtidal depth-averaged flow, respectively. 100 km, bottom slopes of ∼0.001) than over the narrower, steeper west coast shelf (widths of tens of kilometers, bottom slopes of ∼0.01).
The magnitude of the fluctuations in the depth-averaged cross-shelf velocity, and their dependence on the water depth, can be explained by a simple scaling of the depth-averaged continuity equation
where x and y are the cross-shelf (positive onshore) and along-shelf coordinates, respectively, and u andv are the corresponding Eulerian depth-averaged velocities. To determine a scale for the cross-shelf flow based on the along-shelf flow, shelf slope, and water depth, we characterize the sizes of the variations in the cross-and along-shelf flows byū std andv std , respectively. We let L y be a characteristic along-shelf scale for variations inv and assume that L y andv std are independent of x (as suggested by Figure 1 forv std ). Integrating Equation 1 from the coast to an offshore location x and using the coastal boundary conditionūh = 0 at x = 0 gives
where A ∼ xh ∼ h 2 /(h x ) is the cross-sectional area, and h x is the bottom slope in the cross-shelf direction. Usingv std ≈ 0.1 m s −1 (Figure 1a) and L y ≈ 100 km (Kundu & Allen 1976 , Dever 1997 , Noble et al. 1983 ) and taking h x = 0.001 for the wide shelves and h x = 0.005 for the narrow shelves, we obtain reasonable estimates of both the magnitude and linear increase inū std (Figure 1b) . This suggests that depth-averaged cross-shelf velocity fluctuations are associated with along-shelf variations in the along-shelf flow, presumably due to instabilities or along-shelf variations in the bathymetry or forcing. The depth-averaged cross-shelf flow increases with water depth or offshore distance and with decreasing bottom slope or L y (Equation 2). The velocity observations in Figure 1 are from regions with relatively large L y . In regions with bathymetric features such as capes, topographic bends such as Point Conception in California, or canyons, L y will be much shorter, resulting in larger depth-averaged cross-shelf flows (e.g., Atkinson et al. 1986 , Allen & Durrieu de Madron 2009).
Stokes Drift
There is a Stokes drift velocity associated with surface gravity waves that can be substantial over the inner shelf. The Stokes drift velocity arises because the wave orbital velocities vary in space as well as time (Stokes 1847) . In a Lagrangian reference frame (following a water parcel), the wave orbital velocity is slightly larger at the top of the parcel's orbit than at the bottom; as a result, there is a net displacement of the water parcel-and associated volume transport-in the direction of wave propagation. In an Eulerian reference frame (fixed in space), the equivalent volume transport occurs above the wave troughs where there is alternately no water and water moving in the direction of wave propagation (Phillips 1980 ). The Stokes drift velocity can be estimated using linear wave theory as
where H s is the significant wave height, ω is the angular wave frequency, u st = (u st , v st ), k is the wave number, andk is a unit wave vector (Stokes 1847 , Mei 1983 . The steady, depth-averaged continuity equation including the depth-averaged Stokes drift velocity is
The Stokes drift velocity must be explicitly included in the continuity equation because conventional current observations and models do not resolve surface gravity wave orbital velocities. If we assume no along-shelf variations in the flow, then Equation 4 implies no cross-shelf variation in the cross-shelf transport. Because the net cross-shelf transport at the coast must be zero, the cross-shelf transport is zero everywhere and the vertically integrated continuity equation (Equation 4) reduces to
Therefore, for along-shelf uniform flow there should be an offshore depth-averaged flow that is equal in magnitude to the onshore depth-averaged Stokes drift velocity. Offshore transport driven by waves-referred to as undertow-is indeed observed in the surf zone, although the surf-zone relationship is complicated by additional onshore transport due to wave rollers associated with wave breaking (Haines & Sallenger 1994 , Garcez Faria et al. 2000 , Reniers et al. 2004 . Two recent inner-shelf studies provided the first evidence for wave-driven cross-shelf flow over the inner shelf, showing close agreement between −ū st estimated from Equation 3 and observedū in water depths of 15 m or less off Massachusetts, North Carolina , and Oregon ). At those shallow sites, depth-averaged cross-shelf flowsū are dominated by offshore flow events that are accurately predicted by −ū st . The correlation betweenū and −ū st decreases with increasing water depth, from 0.9 in 5-10-m water depth to near zero in approximately 20-m water depth. The decline in the correlation is consistent with the rapid decrease inū st as the water depth increases and with the increase inū std as the water depth increases (Figure 1b) . For water depths greater than approximately 20 m and moderate wave heights, undertow accounts for a negligible fraction of depth-averaged cross-shelf current variability. Note that in the scaling analysis in Section 2.1, the depth-averaged Stokes drift should be added to the observed velocitiesū to be consistent with Equation 4. This was not done because the necessary wave measurements are not available for most of the observations. The missing depth-averaged Stokes drift may account for some of the larger cross-shelf velocity standard deviations in water depths of approximately 10 m in Figure 1b .
DEPTH-AVERAGED ALONG-SHELF MOMENTUM BALANCE
The depth-averaged along-shelf momentum balance provides insight into the dominant forces driving the along-shelf flow. A linearized form of the depth-averaged along-shelf momentum balance is
where f = 2Ω sin θ lat is the Coriolis frequency, Ω is the Earth's angular rotation rate, θ lat is the latitude, ρ 0 is a reference seawater density, P is the pressure, z is the vertical coordinate, z = 0 is the mean water surface, τ s y and τ by are the along-shelf components of the surface and bottom stress, S xy and S yy are radiation stresses due to surface gravity waves (Longuet-Higgins & Stewart 1964) , and τ bwy is a bottom stress due to the waves (see Section 3.2) (Longuet-Higgins 1953) . Both the nonlinear advection terms and terms involving interactions between the wave and mean flows (McWilliams et al. 2004 , Smith 2006 ) may be substantial but are not included in Equation 6 for simplicity.
Recent awareness of the potential importance of surface gravity waves to shelf and open ocean dynamics has motivated a growing effort to include surface gravity wave forcing in numerical models (Mellor 2003 (Mellor , 2008 Ardhuin et al. 2004; McWilliams et al. 2004; Newberger & Allen 2006; Lane et al. 2007; Uchiyama et al. 2010) . Surface gravity wave orbital velocities are typically not resolved either in numerical models of shelf circulation or by traditional observational techniques. Consequently, the effects of waves must be included as additional terms in the continuity (Equation 4) and momentum equations. The most notable change in recent studies of the inner-shelf momentum balance is the inclusion of the terms associated with surface gravity waves-the wave-radiation stresses, the Stokes-Coriolis term fū st , the wave-induced bottom stress, and corresponding terms in the cross-shelf momentum equation (see Section 4)-in both observational studies (Lentz et al. 1999 , Fewings & Lentz 2010 ) and numerical models of shelf circulation (McWilliams et al. 2004 , Newberger & Allen 2006 , Smith 2006 , Ardhuin et al. 2008 , Mellor 2008 , Uchiyama et al. 2010 ). However, because many studies of inner-shelf dynamics have not addressed the role of surface waves, we first discuss the along-shelf momentum balance in the absence of waves and then discuss the influence of waves.
Without Waves
In addition to neglecting the influence of waves, researchers often simplify the along-shelf momentum balance over the inner shelf by using a linear bottom drag law to represent the bottom stress and neglecting the Coriolis term fū. Observational studies indicate that the Coriolis term fū is smaller than other terms over the inner shelf; on average, onshore of the 20-m isobath, the Coriolis term is less than half as large as the along-shelf wind stress term (Figure 2b) . Even when fū is not negligible, studies in water depths of ∼15 m or less indicate that fū can be balanced by the Stokes-Coriolis term ( fū st ; see Section 2.2) , Fewings & Lentz 2010 . Neglecting f (ū +ū st ) and the other wave-driven terms and representing the bottom stress using a linear drag law, τ by /ρ 0 = rv/ h, where r is the linear drag coefficient, one obtains Ratios of the standard deviations of terms in the depth-averaged momentum balances (Equations 6 and 14) from four continental shelves. Along-shelf balance: (a) ratio of acceleration term to along-shelf wind stress term and (b) ratio of Coriolis term to along-shelf wind stress term. Cross-shelf balance: (c) ratio of cross-shelf wind stress term to Coriolis term. Data sets are the same as in Figure 1 . Note the different vertical-axis scales. The cross-shelf wind stress is as large as the along-shelf wind stress on the Middle Atlantic Bight (MAB), South Atlantic Bight (SAB), and West Florida (WF) shelves. On the Northern California (NCal) shelf, cross-shelf winds are weak because the coastal mountain ranges force the near-surface winds to be oriented in the along-shelf direction. The depth-averaged along-shelf acceleration isv t , where subscript t indicates a time derivative. The seawater density is ρ 0 , the water depth is h, and the cross-shelf and along-shelf wind stresses are τ s x and τ s y , respectively. The depth-averaged cross-shelf velocity isū, and f is the Coriolis parameter.
the along-shelf momentum balance
which describes the development of the depth-averaged along-shelf flow in response to forcing by the along-shelf wind stress and pressure gradient. In this simple balance, the depthaveraged along-shelf flow accelerates until the bottom stress is large enough to balance the forcing. The along-shelf momentum balance is further simplified over the inner shelf because the frictional timescale to reach steady state-T f = h/r for the linear drag law-decreases with decreasing water depth. For a typical linear drag coefficient r = 5×10 −4 m s −1 , T f is approximately 1 day in 40 m of water. This suggests that for subtidal variability, the acceleration term ∂v/∂t is small over the inner shelf. Indeed, in water shallower than 20 m, the acceleration term is typically observed to be less than half as large as the along-shelf wind stress (Figure 2a) . Numerous observational studies indicate that the depth-averaged momentum balance is primarily among the three remaining terms: the wind stress, along-shelf pressure gradient, and bottom stress (Scott & Csanady 1976; Lee et al. 1984 Lee et al. , 1989 Lentz & Winant 1986; Lentz 1994; Lentz et al. 1999; Liu & Weisberg 2005; Gutierrez et al. 2006; Fewings & Lentz 2010) .
Although the along-shelf pressure gradient is treated as an independent forcing in Equation 7, it is part of the oceanic response to wind and other forcing. Inner-shelf studies suggest that alongshelf pressure gradients arise from a variety of processes. In some cases, along-shelf pressure gradients oppose the wind stress, consistent with a local response to spatial variations in the forcing and bathymetry (Lentz 1994 , Yankovsky & Garvine 1998 , Liu & Weisberg 2005 , Fewings & Lentz 2010 . In other cases, the along-shelf pressure gradient is associated with remotely forced coastal-trapped waves that propagate along-shelf into the region (e.g., Lentz & Winant 1986 , Hickey et al. 2003 . Along-shelf pressure gradients may also be associated with buoyant plumes (Yankovsky & Garvine 1998 , Lentz et al. 1999 , Tilburg & Garvine 2003 , Woodson et al. 2009 ).
As noted above, the bottom stress is a dominant term in the depth-averaged along-shelf momentum balance over the inner shelf and directly influences the magnitude of the along-shelf flow. Almost all studies cited above assume a linear or quadratic drag law with a constant drag coefficient. Commonly used models indicate, however, that the bottom shear stress and bottom drag over continental shelves depend on currents, waves, and sediment type and are affected by wave-current interactions in the centimeters-thick wave bottom boundary layer (Grant & Madsen 1979 Wiberg & Smith 1983; Styles & Glenn 2000) , the development of bedforms (Grant & Madsen 1982 Wiberg & Harris 1994; Traykovski 2007) , and stratification by suspended sediments (Glenn & Grant 1987) . All these processes are likely important over the shallow inner shelf, where near-bottom wave orbital velocities are often large and vary rapidly in the cross-shelf direction because surface waves are propagating into shallower water (shoaling). For example, a wave-current interaction model (Grant & Madsen 1986 ) in 10-m water depth with moderate wind forcing (τ s y = 0.1 N m −2 ) predicts that strong wave forcing typical of U.S. east coast storms (H s = 3 m, wave period of 6 s) produces a fourfold increase in the quadratic drag coefficient and a factor-of-two reduction in the along-shelf flow. Despite the substantial impact of surface waves on the bottom stress suggested by models, only a few inner-shelf observational or modeling studies have considered the influence of wave-current interactions on bottom stress (Keen & Glenn 1994 , Gutierrez et al. 2006 , Fewings & Lentz 2010 ).
With Waves
The terms in the along-shelf momentum balance (Equation 6) due to surface gravity waves are roughly analogous to turbulent Reynolds stresses and represent mean (over periods long compared with the wave period) momentum fluxes due to the waves. The wave forcing can be expressed using a vortex-force representation (McWilliams et al. 2004 , Lane et al. 2007 , Ardhuin et al. 2008 ; in Equation 6, we represent it more traditionally as divergences in the wave-radiation stresses S xy and S yy (Longuet-Higgins & Stewart 1964) , the Stokes-Coriolis acceleration fū st (Hasselmann 1970 , Xu & Bowen 1994 , and a near-bottom stress due to the waves τ bwy (Longuet-Higgins 1953) . There may also be surface stresses associated with waves and whitecapping that are often assumed to be part of the wind stress (Uchiyama et al. 2010 ).
The radiation stresses include momentum fluxes due to both the wave velocities (such as a term proportional to u w u w , where u w is the wave orbital velocity and indicates a time average over many wave periods) and the wave pressure fluctuations (Longuet-Higgins & Stewart 1964) . The radiation stress terms in Equation 6, estimated using linear wave theory, may be written as
where
/16 is the wave energy; g is the acceleration due to gravity; c g and c are the group velocity and phase speed of the waves; and θ w is the direction the waves are propagating, measured counterclockwise from the +x direction, so θ w = 0 for waves propagating onshore (Longuet-Higgins & Stewart 1964 , Mei 1983 .
The bottom wave stress τ bwy results from bottom friction causing v w and w w to be slightly in phase in the wave bottom boundary layer. The result is a wave stress ρ 0 v w w w that causes nearbottom wave streaming or flow in the direction of wave propagation (Longuet-Higgins 1953 , Xu & Bowen 1994 , Zou et al. 2006 .
The other wave forcing term in Equation 6 is the Stokes-Coriolis acceleration fū st . The StokesCoriolis acceleration is a consequence of the influence of the Earth's rotation on surface gravity waves (Ursell 1950 , Hasselmann 1970 , Xu & Bowen 1994 . The Coriolis force causes a slight deflection of the wave orbital velocity (to the right in the Northern Hemisphere). The resulting along-crest velocity is small (v w = f u w /ω ≈ 10 −4 u w for waves propagating in the x direction), but because it is 90
• out of phase with the horizontal velocity u w , it is in phase with the vertical velocity w w . Consequently, there is a nonzero vertical momentum flux divergence:
This Stokes-Coriolis term can be similar in magnitude to the wind stress term ( To focus on wave-forced flows over the inner shelf, we assume no along-shelf variations and no wind stress and neglect acceleration (as discussed in Section 3.1). Thenū = −ū st from the continuity equation (Equation 5), and the along-shelf momentum balance (Equation 6) reduces to
If the waves propagate directly onshore, so θ w = 0, then S xy (Equation 8 ) and τ bwy are zero and therefore τ by = 0, implying that there is no along-shelf flow. If waves approach the coast at an angle, the wave-radiation stress and wave bottom stress are nonzero. In the surf zone, waves approaching the coast at an angle result in a large cross-shelf gradient in S xy that accelerates an along-shelf flow until the bottom stress τ by balances the radiation stress gradient in Equation 9 (Thornton & Guza 1986) . In the few studies that consider wave forcing over the inner shelf, cross-shelf gradients in S xy are assumed to be zero outside the surf zone (Lentz et al. 1999 , Fewings & Lentz 2010 . This results from the assumption that wave dissipation is negligible where waves are not breaking. Let us assume that surface gravity waves obey Snell's law,
as they propagate across isobaths and assume that cross-isobath changes in wave-energy flux result only from dissipation :
Using Equations 10 and 11 in Equation 8, we obtain
This implies that there is a cross-shelf gradient in S xy if there is wave dissipation and waves approach the coast at a nonzero angle.
Although wave dissipation has been neglected in inner-shelf studies, there can be substantial dissipation of wave energy by whitecapping or bottom stress. Recent studies suggest that even in low-wind conditions (no whitecapping) there can be substantial dissipation across broad shallow shelves due to bottom drag associated with sand ripples (Herbers et al. 2000 , Ardhuin et al. 2001 . If the wave dissipation over the inner shelf results from bottom drag such that = c |τ bw | (Longuet-Higgins 2005), it follows from Equation 12 that
Then Equation 9 again yields τ by = 0, implying that the only wave-driven along-shelf velocity is the along-shelf component of the bottom streaming velocity, which for a constant viscosity laminar flow is (Longuet-Higgins 1953)
The along-shelf component |u bs | sin θ w is typically small compared with along-shelf flows driven by winds and pressure gradients. Bottom streaming in a turbulent wave boundary layer is reduced and may even reverse direction compared with Equation 13 (Davies & Villaret 1999).
DEPTH-AVERAGED CROSS-SHELF MOMENTUM BALANCE: COASTAL SETUP AND SETDOWN
The depth-averaged cross-shelf momentum balance provides insight into the causes of cross-shelf pressure gradients and the associated setup or setdown of the sea level near the coast. Assuming that depth-averaged along-shelf flows are large compared with depth-averaged cross-shelf flows (consistent with Figure 1 ), focusing on subinertial frequencies (timescales longer than f −1 ), and neglecting the nonlinear inertial terms, we find that the depth-averaged cross-shelf momentum balance is
If we assume that the contribution of cross-shelf density gradients to the pressure gradient is small in shallow water (for example, neglecting the influence of buoyant plumes), then ∂ P/∂ x ≈ g∂η/∂x, where η is the sea level. Then over the shelf, Equation 14 is an expression for the cross-shelf gradient in the sea level and hence the coastal setup or setdown due to winds, www.annualreviews.org • Inner-Shelf Circulationwaves, and the geostrophic along-shelf flow (Tilburg & Garvine 2004 , Liu & Weisberg 2007 , Fewings & Lentz 2010 . Although cross-shelf wind stress and wave-radiation stresses due to unbroken, shoaling surface waves are typically negligible over the middle and outer shelves, those terms can be important over the inner shelf because in Equation 14 they increase relative to the Coriolis term as the water depth h decreases.
Geostrophy
Over the middle and outer shelves, the cross-shelf momentum balance tends to be dominated by the geostrophic terms-a balance between the Coriolis acceleration associated with the alongshelf flow (− fv) and the cross-shelf pressure gradient term (Brown et al. 1985 (Brown et al. , 1987 Lee et al. 1989; Shearman & Lentz 2003; Liu & Weisberg 2005) . For depth-averaged along-shelf current variations O(0.1 m s −1 ) on a mid-latitude shelf ( f = 10 −4 s −1 ) of width O(100 km), the hydrostatic relation and geostrophy suggest that the sea-level difference between the shelf edge and the coast due to geostrophic balance is O(10 cm). The associated sea-surface slope over the inner shelf will generally be similar to the middle and outer shelves because the depth-averaged along-shelf current fluctuations are similar (Figure 1a ).
Cross-Shelf Wind
The cross-shelf wind stress term in Equation 14 is a substantial fraction of the Coriolis term in water depths less than approximately 30 m on continental shelves where cross-shelf and alongshelf wind stresses have similar magnitudes (Figure 2c) . The cross-shelf wind term is rarely larger than the Coriolis term, however.
The cross-shelf pressure gradient or sea-level slope due to cross-shelf winds should be confined to the region onshore of where the surface boundary layer extends to the bottom. In deeper water, one expects an Ekman (1905) balance between the cross-shelf wind stress and the Coriolis term associated with the wind-driven along-shelf transport in the surface boundary layer V E so that − f V E = τ s x /ρ 0 , and there is no cross-shelf pressure gradient. In shallower water, where f V E is small, the sea-surface slope due to the cross-shelf wind stress is (Nof & Paldor 1992) 
Integrating from the water depth h = δ s where the surface boundary layer intersects the bottom to the offshore edge of the surf zone where h = h s z yields
The singularity at h s z = 0 can be removed by not assuming η h and instead replacing h by η + h (Nof & Paldor 1992) . This wind-driven setup does have a weak dependence on stratification because stratification reduces the surface boundary-layer thickness δ s . For a moderate wind stress τ s x = 0.1 N m −2 on a gently sloping shelf (h x = 0.001), the setup or setdown is a few centimeters, whereas for a hurricane-force wind stress (τ s x = 1 N m −2 ), the setup can be 0.5 m or more (Drinkwater 1989).
Waves
Within the surf zone, owing to waves propagating onshore and breaking, there is a large crossshelf gradient in the onshore momentum flux that may be estimated using linear wave theory to calculate the wave-radiation stress (Longuet-Higgins & Stewart 1964) :
The cross-shelf gradient of the wave-radiation stress is primarily balanced by a cross-shore pressure gradient, so that ∂ S xx /∂ x ≈ −h∂ P/∂ x in Equation 14 (Bowen et al. 1968 , Raubenheimer et al. 2001 ). The associated wave-driven setup of the coastal sea level from the outer edge of the surf zone to the coast is typically tens of centimeters (Bowen et al. 1968 , Raubenheimer et al. 2001 .
Over the inner shelf, where waves are not breaking, radiation stress gradients can be caused by wave shoaling. The resulting wave-radiation stress gradients are typically an order of magnitude smaller than those in the surf zone but can still be substantial relative to the Coriolis term and the cross-shelf wind stress over the inner shelf (Lentz et al. 1999) . Theoretical and laboratory studies indicate that if there is no dissipation of wave energy, then shoaling waves drive a setdown of the sea level toward the coast (Bowen et al. 1968 ). This follows again from the assumption that the cross-isobath changes in wave-energy flux result only from dissipation. If there is no wave dissipation, the wave-energy flux is conserved ( = 0 in Equation 11). Because c g decreases as the water depth decreases for kh < 1, the wave energy E-and the wave height, because E ∝ H 2 s -must increase. Consequently, the wave-radiation stress S xx (Equation 15 ) increases as the water becomes shallower. The resulting wave-radiation stress gradient is balanced by a cross-shelf pressure gradient
corresponding to a setdown of the sea level toward the coast. There can be substantial dissipation across broad shallow shelves due to the bottom drag (see Section 3.2) (Herbers et al. 2000) . Longuet-Higgins (2005) showed that for a cross-shelf momentum balance given by
there is a local wave-driven setdown-relative to the sea level in the absence of wave forcing-given by
This is a local balance representing the tendency for the sea level to be depressed under waves (Longuet-Higgins & Stewart 1962) and is also referred to as the quasi-static component of the sea-level response to the waves (McWilliams et al. 2004) . Although dissipation does not appear explicitly in Equation 17, it does influence H s and can have a substantial impact on the wavedriven setdown. With no dissipation, the predicted setdown is 1-3 cm in water depths of 5-10 m for H s = 2 m. For a dissipation that reduces the significant wave height by a factor of two across the shelf [as observed for the Middle Atlantic Bight (Herbers et al. 2000) ], the setdown is less than 1 cm. Only a few observational studies have considered wave-radiation stresses in inner-shelf momentum balances. Just outside the surf zone, the observed and predicted sea-level setdown due to ∂ S xx /∂ x are in close agreement (Raubenheimer et al. 2001) . In 12-13-m water depth, the estimated cross-shelf gradient in radiation stress is as large as the Coriolis and cross-shelf wind stress terms (Lentz et al. 1999 , Fewings & Lentz 2010 , although in the latter study ∂ S xx /∂ x was uncorrelated with the observed cross-shelf pressure gradient.
There
)-depends on along-shelf variations in the wave field, which are not well studied. The second is the Stokes-Coriolis term. When waves propagate onshore at a nonzero angle, the component of the Stokes-Coriolis term that appears in the cross-shelf balance ( fv st ) is not zero, but it was small compared with the Coriolis and cross-shelf wind stress terms in the one study that considered it (Fewings & Lentz 2010) . The third term, involving the wave-induced bottom stress τ bwx , drives the cross-shelf component of the bottom streaming velocity |u bs | cos θ w (Equation 13). A recent modeling study suggests that bottom streaming can have a substantial impact on the cross-shelf velocity profile over the inner shelf (Uchiyama et al. 2010 ).
VERTICAL STRUCTURE OF THE CROSS-SHELF CIRCULATION
Wind-Driven Circulation
Vertical structure in the cross-shelf circulation can result in substantial cross-shelf exchange and is not represented by the depth-averaged flows and associated momentum balances discussed above. In this section we focus on simple along-shelf uniform wind-driven circulation so that there is onshore or offshore flow in the upper water column and a compensating return flow in the lower water column. Ekman (1905) developed the first model of wind-driven circulation over a sloping continental shelf that included the influence of the Earth's rotation. In deep water, the steady, wind-driven (Ekman) volume transport in the surface boundary layer is |τ s |/(ρ 0 f ) and in the Northern Hemisphere is 90
• to the right of the wind stress τ s . The transport is confined to a surface boundary layer with a thickness characterized by the Ekman scale δ E = 2A/ f (for a constant eddy viscosity A). Where the water depth is less than δ E , as the water depth decreases, the transport perpendicular to the wind stress decreases. In the region where h δ E , the transport is entirely in the direction of the wind stress, as expected for a nonrotating fluid. Ekman assumed a steady, linear, along-shelf uniform wind-driven circulation. The cross-shelf and along-shelf momentum equations in that case are
and
Ekman solved for the circulation by linearly superimposing the solutions for a wind stress and a cross-shelf pressure gradient and then requiring the net cross-shelf transport to be zero everywhere to satisfy volume conservation (ūh = 0 from Equation 5 withū st = 0). Estrade et al. (2008) provided a nice modern derivation of Ekman's solution for a continental shelf. A key feature of the solutions is that the circulation depends only on U E , δ E , h, and z. Ekman assumed a constant eddy viscosity A to relate the stress to the vertical shear (τ s = A∂ u/∂z), allowing a relatively simple analytic solution. A more realistic approach is to assume a turbulent eddy viscosity that depends on the applied surface and bottom stresses and distance from the surface and bottom boundaries (Thomas 1975 , Poon & Madsen 1991 , Lentz 1995 . In that case, the Ekman layer scale is δ Et ∼ κu * / f , where κ ≈ 0.4 is von Kármán's constant and u * = √ |τ |/ρ 0 is the shear velocity (Madsen 1977) . As in the constant eddy-viscosity case, the turbulent eddy-viscosity solutions depend only on U E , δ Et , h, and z. Below we discuss the responses to along-shelf and cross-shelf wind stresses in the context of turbulent eddy viscosities because the scalings are slightly different from the constant eddy-viscosity solutions. Nevertheless, Ekman's original solutions capture the key features of the inner-shelf response to both along-shelf and cross-shelf wind forcing for unstratified flow.
Along-Shelf Wind Forcing
For the case of an unstratified continental shelf exposed to along-shelf wind forcing, analytical solutions exist for the cross-and along-shelf circulation responses if a simple eddy-viscosity profile is assumed. A downwelling-favorable along-shelf wind stress over an along-shelf uniform unstratified water column forces a steady cross-shelf circulation pattern with onshore flow near the surface and an offshore return flow near the bottom (Figure 3) (Ekman 1905) . The linear, unstratified, along-shelf uniform response is symmetric with respect to wind stress direction, so reversing the wind stress to upwelling-favorable just reverses the circulation pattern. There is a convergence in the onshore transport in the surface boundary layer as the water depth decreases (h < 2δ s , where δ s ∝ δ Et is the boundary-layer thickness) that initially causes sea level to rise toward the coast (and leads to the geostrophic setup discussed in Section 4). In deep water, where the surface and bottom boundary layers do not overlap so there is an interior region without turbulent stresses, the resulting cross-shelf pressure gradient balances a geostrophic along-shelf flow (Equation 18 neglecting the stress term). The bottom stress due to the geostrophic along-shelf flow drives the offshore flow (Ekman transport) in the bottom boundary layer that compensates for the onshore surface flow. In shallow water where the surface and bottom boundary layers do overlap, the surface stress is transmitted directly to the bottom by turbulent momentum fluxes. Schematic of the unstratified inner-and middle-shelf responses to an along-shelf wind stress, highlighting dynamical regions onshore and offshore of the locations where the surface and bottom boundary layers interact: very shallow water (red ), intermediate region ( green), and middle shelf (blue). The geostrophic setup of the sea level extends across the shelf. The water depth is h, the surface and bottom boundary-layer thicknesses are δ s , the along-shelf velocity is v, the along-shelf component of the bottom stress is τ by , the cross-shelf volume transport in the surface boundary layer is U S , and the Ekman transport driven by the along-shelf wind in deep water is U E = τ s y /ρ 0 f , where ρ 0 is the seawater density and f is the Coriolis parameter. 
Figure 4
Linear regression slope between observed cross-shelf transport in the surface boundary layer (U S ) and the Ekman transport estimated from the along-shelf wind stress (U E ) as a function of water depth for locations on the east coast of the United States and from coastal upwelling regions (Lentz 1992 , Lentz 2001 , Shearman & Lentz 2003 , Kirincich et al. 2005 . Estimates are also shown from an along-shelf uniform, unstratified model (Lentz 1995) for a constant eddy viscosity (A) and a cubic eddy viscosity (MY cubic) that resembles a Mellor-Yamada (Mellor & Yamada 1982) parameterization for unstratified flow (see Fewings et al. 2008 ).
The resulting steady circulation consists of three regions (Figures 3 and 4) . Over the middle shelf, where the surface and bottom boundary layers are separated-roughly h > 2δ s -there is a constant onshore transport in the surface boundary layer U S = U E and an equal offshore transport in the bottom boundary layer (Lentz 2001) , separated by a geostrophic interior. In very shallow water (roughly h < 0.5δ s ), the stress is approximately constant throughout the water column (∂τ y /∂z ≈ 0 in Equation 19), so there is essentially no cross-shelf circulation (U S ≈ 0) and the flow is downwind, consistent with a nonrotating fluid. In the intermediate region, where δ s is similar to the water depth (0.5δ s > h > 2δ s ), the cross-shelf transport increases approximately linearly with increasing water depth. In this region, the convergence in the onshore transport implies that there must be a vertical velocity-downwelling or upwelling-to conserve mass (Lentz 1995 , Estrade et al. 2008 . The inclusion of an along-shelf pressure gradient results in a similar response with the addition of a geostrophic cross-shelf flow in the interior (Ekman 1905 , Lentz 1995 .
Stratification profoundly affects the inner-shelf response to along-shelf wind forcing. The most obvious impact is that the region where the surface and bottom boundary layers interact-resulting in a reduction of the cross-shelf circulation-occurs in shallower water because stratification inhibits vertical mixing (e.g., see Lentz 2001, figure 3) . However, because of the dynamical relationships among stratification, vertical mixing, and cross-shelf circulation, the effect of stratification on the inner-shelf response to along-shelf wind forcing is more complicated than a reduction in boundary-layer thicknesses (Keen & Glenn 1994 , Allen et al. 1995 , Allen & Newberger 1996 , Austin & Lentz 2002 , Tilburg 2003 . For the case of a stratified continental shelf exposed to along-shelf wind forcing, the cross-shelf circulation response has not been found analytically, except in idealized models that do not include an inner shelf (Pedlosky 1978; Choboter et al. 2005 Choboter et al. , 2011 . Numerical modeling studies of the response of a stratified shelf to along-shelf wind stress suggest the formation of two regions with very different responses. The two regions, which are separated by an enhanced horizontal density gradient-an upwelling or downwelling front-are a stratified middle to outer shelf and an inner shelf that is unstratified or weakly stratified ( Figure 5) . In contrast to the unstratified response, stratification results in an asymmetry in the response to upwelling-favorable and downwelling-favorable wind stresses. For downwelling-favorable winds blowing over a stratified shelf, models suggest that the onshore flow in the surface boundary layer combines with vertical mixing to form an unstratified inner-shelf region where the cross-shelf circulation is very weak (Figure 5b ) (Allen & Newberger 1996 , Austin & Lentz 2002 . The inner-shelf region remains unstratified because it is fed with homogeneous water from the surface mixed layer, and the very weak cross-shelf circulation continually forces the density field toward convective instability (denser water above less dense water). In the stratified region on the middle and outer shelves, there is a robust cross-shelf circulation with offshore flow in the bottom boundary layer. The divergence in the cross-shelf circulation and the resulting downwelling are concentrated at the downwelling front between the stratified shelf water and the unstratified inner shelf where the cross-shelf circulation is shut down. The downwelling front moves offshore at a rate consistent with the onshore transport of mixed surface boundary-layer water (Austin & Lentz 2002) . The shutdown of the cross-shelf circulation means that during downwelling on a stratified shelf, the inner shelf and surf zone are isolated from exchange with the stratified middle-shelf water. Drifters on the Oregon shelf during downwellingfavorable winds were observed to stop moving onshore well away from the coast and instead moved in the along-shelf direction, consistent with these model predictions (Austin & Barth 2002) .
For upwelling-favorable winds blowing over a stratified shelf, models again indicate that the middle shelf is separated by a front from an inner-shelf region with weaker stratification. In contrast to the downwelling case, the cross-shelf circulation onshore of the upwelling front is not completely shut down. Offshore of the front, there is offshore flow in the surface boundary layer and onshore flow in the bottom boundary layer (Figure 5a) (Allen et al. 1995 , Austin & Lentz 2002 . As in the downwelling case, the upwelling front moves offshore at a rate consistent with the offshore transport in the surface boundary layer. In the upwelling case, however, stratification is maintained onshore of the front because the density of the water transported onshore in the bottom boundary layer increases as it is drawn from deeper depths along the sloping bottom. The resulting stratification over the inner shelf, although weaker than the stratification offshore, allows the cross-shelf circulation to extend over the inner shelf. As a result, upwelling is spread over a broader portion of the inner shelf than downwelling. In these along-shelf uniform model simulations, the inner shelf is less isolated from the middle shelf during upwelling-than during downwelling-favorable wind stresses.
There have been numerous observational studies characterizing the upwelling response over continental shelves (e.g., Smith 1981 , Huyer 1990 . More recently, a number of observational studies have examined the cross-shelf circulation over the inner shelf (Winant 1980 , Churchill 1985 , Lentz 1994 , Munchow & Chant 2000 , Garvine 2004 , Liu & Weisberg 2005 , Gutierrez et al. 2006 , Estrade et al. 2008 . Two recent studies quantified the variation in the surface (and bottom) boundary-layer transport across the inner shelf (Lentz 2001 , Kirincich et al. 2005 . A compilation of estimates of normalized surface boundary-layer transport U S /U E as a function of water depth for both wide (east coast United States) and narrow (upwelling regions) continental shelves shows a consistent pattern for both stratified and unstratified conditions, although there are only a few estimates for unstratified flow (Figure 4) . The dependence of U S /U E on water depth for the few estimates for unstratified flow is consistent with the Ekman model and a turbulent eddy-viscosity formulation. For stratified flow, the pattern is qualitatively similar to the Ekman (1905) response (Figure 4) . In water depths greater than approximately 50 m, U S approximately equals U E . Onshore of the 50-m isobath, U S /U E decreases; it is near zero in 10-m water depth. The qualitative agreement between the average observed response and the classic Ekman model as well as the consistent dependence on water depth support the basic Ekman theory that the transport depends mainly on the ratio of the surface boundary-layer thickness to the water depth. Neither the offshore distance nor the baroclinic deformation radius collapses the observations. However, it is not clear in the observations what controls the cross-shelf structure of the average response in the stratified case. The average response shown in Figure 4 does not shed light on whether there is an asymmetry in the stratified inner-shelf response to upwelling versus downwelling wind forcing, as suggested by along-shelf uniform numerical modeling studies and a few observations (Figure 5) (Weisberg et al. 2001 , Austin & Lentz 2002 , Liu & Weisberg 2007 ).
Cross-Shelf Wind Forcing
In contrast to along-shelf winds, cross-shelf winds are ineffective at driving along-shelf flows. Consequently, cross-shelf winds have been largely ignored in studies of wind-driven shelf circulation. However, as noted in Section 4 (see Figure 2c) , in water depths of approximately 30 m or less, the cross-shelf wind stress is a substantial term in the cross-shelf momentum balance. Ekman's (1905) analysis shows that the cross-shelf wind can drive a cross-shelf circulation that extends all the way to the coast. The cross-shelf circulation due to cross-shelf winds is larger than the cross-shelf circulation due to along-shelf winds of the same magnitude in water depths that are less than the surface boundary-layer thickness δ s . Models indicate that an onshore wind stress over an along-shelf uniform unstratified continental shelf forces a steady cross-shelf circulation that is confined to the surface boundary layer, with an onshore flow near the surface and an offshore return flow in the lower portion of the surface boundary layer (Figure 6 ) (Ekman 1905 , Tilburg 2003 .
In water deeper than the surface boundary-layer thickness, the circulation due to the cross-shelf wind stress is the one-dimensional (1D) open ocean Ekman response (Ekman 1905 , Tilburg 2003 .
S e a -l e v e l s e tu p h > δ s
Cross-shelf wind stress V E δ s
Figure 6
Schematic of the unstratified inner-and middle-shelf responses to a cross-shelf wind stress, highlighting two dynamical regions onshore and offshore of the location where the surface boundary layer intersects the bottom. The setup of the sea level is confined to the onshore region. The water depth is h, the surface boundary-layer thickness is δ s , g is the acceleration due to gravity, η is the sea level, x is the cross-shelf coordinate, τ s x is the cross-shelf wind stress, ρ 0 is the seawater density, f is the Coriolis parameter, the cross-shelf volume transport above the first zero crossing of the cross-shelf velocity profile is U S 0 , and the Ekman transport driven by the cross-shelf wind in deep water is
The circulation is confined to the surface boundary layer with a net along-shelf (perpendicular to the wind stress) Ekman transport V E = −τ s x /(ρ 0 f ) and no net cross-shelf (downwind) transport in the surface boundary layer. As noted above, there is no cross-shelf pressure gradient in water deeper than the surface boundary layer because the cross-shelf wind forcing is entirely balanced by the Coriolis force within the surface boundary layer (Equation 18). There is a vertically sheared downwind flow in approximately the upper quarter of the surface boundary layer and a compensating upwind flow in the lower three-quarters of the surface boundary layer, depending on the form of the eddy viscosity used. The downwind transport in the upper part of the boundary layer (above the first zero crossing of the cross-shelf velocity profile) is U S 0 ≈ 0.4V E (0.32V E for a constant eddy viscosity) (Tilburg 2003) . In water deeper than δ s , for a turbulent flow in which the eddy viscosity scales with u * and z, the scaled velocities (u/u * ) are only a function of z/δ Et .
Onshore of the region where the surface boundary layer intersects the bottom (h < δ s ), the bottom stress reduces the along-shelf transport, and a cross-shelf pressure gradient develops to partially balance the cross-shelf wind stress. To a reasonable approximation, the Coriolis term associated with the along-shelf flow caused by cross-shelf wind forcing can be neglected in this region, and the cross-shelf momentum balance reduces to ∂ P/∂ x ≈ ∂τ x /∂z (see Section 4). [Note that if the along-shelf wind stress and along-shelf pressure gradient are not zero, as we assumed here, there may still be a substantial along-shelf flow and associated Coriolis term in this region (Figure 2c) ]. In that case, the normalized velocity u/u * is only a function of z/ h. The cross-shelf current profile retains a similar structure to the offshore profile, with downwind (onshore) flow in the upper third of the water column and a compensating offshore flow in the lower two-thirds of the water 
Figure 7
Linear regression slope between the observed cross-shelf transport (from the sea surface to the first zero crossing of the depth-varying part of the cross-shelf velocity) (U S 0 ) and the Ekman transport estimated from the cross-shelf wind stress (V E ) as a function of water depth for three locations in the Middle Atlantic Bight. Estimates are also shown from an along-shelf uniform, unstratified model (Lentz 1995) for a constant eddy viscosity (A) and a cubic eddy viscosity (MY cubic) that resembles a Mellor-Yamada (Mellor & Yamada 1982) parameterization for unstratified flow (see Fewings et al. 2008) . column ( Figure 6) (Tilburg 2003) . Simple models indicate the corresponding downwind (and upwind) transport decreases linearly with decreasing water depth ( (Figure 7) . The response of a stratified inner shelf to cross-shelf wind forcing has received even less attention than the case of an unstratified inner shelf. The response was examined by Tilburg (2003) using an along-shelf uniform numerical model. When the water column is stratified, the flow structure and the transports are similar to the unstratified case above because the downwind circulation is confined to the surface boundary layer, which is well mixed in density. The model indicates that the primary influence of stratification is to reduce the thickness of the surface boundary layer (in the offshore region where δ s < h) and hence the vertical shear in the circulation. The result is a factor-of-two reduction in the downwind transport U S 0 : from 0.3V E for weak stratification (N 2 = 10 −5 s −2 ), close to the unstratified value (0.4V E ), to 0.15V E for strong stratification (N 2 = 10 −3 s −2 ). In contrast to the case of along-shelf wind forcing, the model results exhibit no obvious asymmetry in the stratified response to onshore and offshore winds. This is not surprising, as the circulation is confined to the well-mixed surface layer, and consequently there are not substantial advective buoyancy fluxes.
Although a few observational studies have demonstrated the importance of the cross-shelf wind stress in the depth-averaged cross-shelf momentum balance (Lee et al. 1989 , Lentz et al. 1999 , Liu & Weisberg 2005 , Fewings & Lentz 2010 , there have been few studies examining the cross-shelf circulation driven by cross-shelf winds. One of the primary difficulties in observational studies is isolating the response to cross-shelf winds from the responses to along-shelf winds (see Section 5.2) and surface waves (see Section 5.4), as all three of these forcing terms are often correlated with each other. The response to cross-shelf winds can be isolated by taking advantage of a multiyear time series and considering only times when along-shelf wind stresses and surface gravity wave forcing are weak ). The observed cross-shelf velocity profiles during cross-shelf wind forcing are consistent with the profiles predicted by the along-shelf uniform Ekman model with a Profiles of the regression slope between the shear velocity u * = √ |τ s x |/ρ 0 based on the cross-shelf wind stress and cross-shelf currents u as a function of normalized depth (z/h) for six sites off North Carolina, spanning water depths from 5 m to 12.5 m. Also shown are the corresponding profiles from an along-shelf uniform, unstratified model (Lentz 1995 ) assuming a cubic eddy-viscosity profile for water depths of 5 and 13 m (red dashed curves). The cross-shelf wind stress is τ s x , and ρ 0 is the seawater density. constant or turbulent eddy viscosity (Cudaback et al. 2005 . Regression slopes between u * based on cross-shelf wind stress and cross-shelf currents from six sites on the North Carolina shelf spanning water depths from 5 m to 12.5 m are consistent with along-shelf uniform model current profiles (Figure 8) . Normalizing u by u * and z by h also tends to collapse the profiles from different water depths, consistent with u/u * being a function of z/ h only, although there is more variation between the profiles than predicted by the model, particularly near the bottom.
A similar regression analysis between the along-shelf wind stress (or u * based on τ s y ) and the cross-shelf current profiles from North Carolina indicates that there is no discernible response of the cross-shelf circulation to along-shelf winds in this water-depth range, consistent with previous modeling and observational results (Tilburg 2003 . There is also an observed increase in cross-shelf transport (above the first zero crossing in the cross-shelf velocity profile) with increasing cross-shelf wind stress consistent with the Ekman model dependence ). The results of Fewings et al. (2008) are extended in Figure 7 by considering the regression slope between the observed cross-shelf transport U S 0 and the Ekman transport due to the cross-shelf wind stress V E for sites in the Middle Atlantic Bight spanning water depths from 5 to 60 m. There is a linear increase in the regression slopes with increasing water depth toward a value of approximately 0.4V E in deeper water, consistent with the model predictions (Ekman 1905 , Tilburg 2003 . The limited observational studies indicate that for unstratified inner shelves for which the cross-shelf wind stress is similar in magnitude to the along-shelf wind stress, cross-shelf wind forces a much larger cross-shelf circulation than does along-shelf wind in water depths that are less than the surface boundary-layer thickness (nominally ∼20 m, by comparing Figures 4 and 7) . However, in contrast with Tilburg's (2003) model-in which stratification decreased the cross-shelf transport driven by cross-shelf winds-at an east coast site in 12-m water depth, the observed surface layer transport U S 0 is larger during the summer (stronger stratification) than during the winter (weak stratification) ). An important unresolved question is the impact stratification has on the inner-shelf response to cross-shelf winds.
Wave-Driven Circulation
The potential importance of surface gravity waves to the vertical structure of inner-shelf circulation has been considered only recently in models and observations (Xu & Bowen 1994 , Uchiyama et al. 2010 . The relationship between the depth-averaged cross-shelf flow and the Stokes drift,ū ≈ −ū st (see Section 2.2), depends only on the assumptions of an onshore Stokes transport due to the waves and the assumption that there are no along-shelf variations in the flow. That relationship does not indicate whether the offshore flow is dynamically associated with radiation stresses or Stokes-Coriolis forcing. Xu & Bowen (1994) first considered the implications of the Stokes-Coriolis force for wavedriven flows over the inner shelf in a 1D model of shallow-water flow. Building on their model, Lentz et al. (2008) examined wave-driven flow in a simple along-shelf uniform model that included a coastal boundary, onshore Stokes drift transport due to the waves, the cross-shelf setup of the sea level, and wave-radiation stresses. That model suggests that the structure of the wave-driven cross-shelf circulation depends on the strength of the vertical mixing. For strong vertical mixing, the cross-shelf current profiles are parabolic with the maximum offshore flow at mid-depth, similar to what is observed in the surf zone (Haines & Sallenger 1994 , Garcez Faria et al. 2000 , Reniers et al. 2004 ). For weak vertical mixing, the offshore flow is equal in magnitude but opposite in direction to the Stokes drift velocity [u(z) = −u st (z)], with the strongest offshore flow near the surface (Figure 9) .
Over the Massachusetts, North Carolina, and Oregon inner shelves, the observed offshore velocity profiles in the absence of wind forcing do have the same vertical structure as, but are opposite in direction to, the Stokes drift-velocity profile (Equation 3): u(z) = −u st (z), consistent with Stokes-Coriolis forcing of the cross-shelf flow and weak vertical mixing over the inner shelf relative to the surf zone ). The tendency for the offshore flow forced by the waves to be equal in magnitude to the onshore Stokes drift velocity at each depth suggests that surface wave forcing results in nearly zero net cross-shelf Lagrangian transport of passive particles over the inner shelf. The agreement between the observed profiles and the model response with no vertical mixing suggests that stratification should have no impact on the wave-driven flow, as the vertical mixing cannot be reduced further. However, preliminary observations suggest an enhanced vertical shear in the wave-driven offshore flow when the water column is stratified . How stratification would influence the wave-driven flow remains a mystery.
Combined Wind and Wave Forcing
Above we examine wind and wave forcing in isolation to describe how each contributes to the innershelf circulation and coastal setup. However, wind and wave forcing typically occur simultaneously and are correlated with each other. This is particularly true for cross-shelf winds and waves. Onshore winds (blowing toward land) are usually associated with relatively large surface waves due to the large fetch allowing the waves to grow. The wave-driven undertow u(z) ≈ −u st (z) is offshore and vertically sheared, with the maximum flow near the surface. The wind-driven circulation is Schematic of the inner-shelf circulation forced by surface gravity waves, showing the response to StokesCoriolis forcing (blue) and wave-induced bottom streaming ( green). Note that the surf zone and middle shelf are not shown. The Stokes drift (red ) is not detected by Eulerian (fixed in space) measurements, such as those from acoustic Doppler current profilers, but is added to Eulerian measurements to estimate the net Lagrangian transport. Over the inner shelf, the Stokes drift u st (z) tends to cancel the Stokes-Coriolisinduced Eulerian velocity or undertow, suggesting that the net wave-driven transport is near zero over most of the water column. also vertically sheared but is onshore near the surface and offshore near the bottom. The vertical shears of the wave-and wind-driven flows tend to cancel; the combination of onshore winds and large waves results in observed (Eulerian) cross-shelf flows with little shear . Offshore winds (blowing from land toward the ocean) are typically associated with smaller surface waves because of the limited fetch. If there are offshore winds and onshore propagating waves, the vertical shears add and result in an observed cross-shelf flow that is strongly vertically sheared, with offshore flow near the surface and onshore flow near the bottom. The tendency for onshore winds to be associated with larger waves than offshore winds leads to an apparent asymmetry in the wind-driven circulation if the effect of waves is not taken into account.
FUTURE DIRECTIONS
Recent advances in theoretical understanding, instrumentation, and numerical modeling provide a basis for rapid progress in the near future in understanding inner-shelf circulation and dynamics.
Direct Measurement of Stresses
Turbulent stresses are a central element of inner-shelf dynamics that control the structure and strength of wind-and wave-driven flow, but direct covariance measurements of turbulent stresses are difficult to make in the presence of typical inner-shelf surface gravity wave forcing. Covariance stress estimates have now been made in the bottom boundary layer (Shaw & Trowbridge 2001) , in the surface boundary layer (Gerbi et al. 2008) , and throughout most of the water column using acoustic Doppler current profilers (Rosman et al. 2008 , Kirincich et al. 2010 . Future measurements of turbulent stress profiles should substantially improve our understanding of inner-shelf dynamics, particularly in stratified regions. A better understanding of bottom stress dynamics over the inner shelf is needed (see Section 3.1) not only for improving models of the circulation, but also for understanding processes such as sediment transport across the inner shelf. Direct measurements of near-bottom turbulent stresses at inner-shelf sites will help determine the local bottom stress, evaluate existing wave-current interaction models of bottom stress, and refine our understanding of how the bottom stress depends on surface waves, evolving bedforms, and near-bed stratification.
Numerical Simulations of Wave Forcing
Numerical models that incorporate surface gravity wave forcing are now being constructed and tested (e.g., McWilliams et al. 2004 , Newberger & Allen 2006 , Ardhuin et al. 2008 , Mellor 2008 , Warner et al. 2008 , Uchiyama et al. 2010 ). There are terms in the momentum balances involving interactions between the wave and mean flows that may be substantial over the inner shelf but are not included in Equations 6 and 14 for simplicity and because those terms have not been addressed in observational studies. Numerical modeling process studies will provide insight into the effects of those wave forcing terms and guide future observational studies to evaluate the numerical model results. The appropriate surface and bottom boundary conditions in the presence of waves are also the subject of active research.
Three-Dimensional Circulation
The relative importance of 3D cross-shelf exchange in comparison with 2D exchange is not established. Most studies of cross-shelf transport and exchange over the inner shelf have focused on 2D exchange: coastal upwelling and downwelling. In 3D flows, the depth-averaged cross-shelf velocity is not constrained to be zero because the circulation is not along-shelf uniform (Tilburg & Garvine 2003 . The cross-shelf flow is large in regions where divergence in the along-shelf flow is large (see Section 2.1). Complex coastline topography-any coastline that is not straight, as in the along-shelf uniform models discussed in this review-will lead to divergence in the along-shelf and cross-shelf flows and may drive substantial horizontal cross-shelf exchange. A key advance is the growing network of high-frequency coastal radar systems that can now provide maps of the surface flow field with horizontal resolutions of tens of kilometers to hundreds of meters, depending on the particular unit (e.g., Paduan & Rosenfeld 1996 , Emery et al. 2004 , Kosro 2005 , Dzwonkowski et al. 2009 , Kim 2010 . Resolving the spatial variability of the subsurface flow remains a challenge and still may require closely spaced 3D arrays of instruments. Numerical models are now becoming available that reveal complex circulation on spatial scales of tens of meters to kilometers (e.g., Newberger & Allen 2006 , Warner et al. 2008 , Uchiyama et al. 2010 . The cross-shelf depth-averaged flow in such a complex circulation may drive cross-shelf transport as substantial as that due to coastal upwelling and downwelling.
Traditionally, cross-shelf winds and surface gravity waves have not been considered in continental-shelf circulation studies. The recent observational and modeling studies reviewed in this article highlight the importance of cross-shelf winds and surface gravity waves in forcing inner-shelf circulation.
